Introduction: Exosomes are important mediators of intercellular communication. Previously, we characterized circulating exosomal miR-425-3p as a non-invasive prognostic marker for predicting clinical response to platinum-based chemotherapy in patients with non-small cell lung cancer (NSCLC). Methods: Circulating exosomal miR-425-3p was validated by qRT-PCR in paired serum samples from NSCLC patients during the course of platinum-based chemotherapy. Cell coculture was performed to examine the effects of exosomal miR-425-3p on the sensitivity of recipient A549 cells to cisplatin. Using bioinformatics, ChIP and luciferase reporter assays, the transcription factor essential for miR-425-3p expression was identified. Autophagic activity in the recipient cells was determined by Western blot and fluorescence microscopy. Results: Higher levels of exosomal miR-425-3p were found in serum samples from the patients in tolerance versus those at baseline. An upward trend in the expression of circulating exosomal miR-425-3p was revealed during chemotherapy. Furthermore, the expression of exosomal miR-425-3p could be induced by cisplatin in NSCLC cells. Exosomes isolated from either cisplatin-treated or cisplatin-resistant NSCLC cells conferred chemoresistance to sensitive A549 cells in a miR-425-3p-dependent manner. Cisplatin-induced c-Myc was found to directly bind the miR-425-3p promoter and transactivated its expression. Exosomal miR-425-3p facilitated autophagic activation in the recipient cells by targeting AKT1, eventually leading to chemoresistance. Discussion: Our results suggest that apart from a prognostic marker of treatment response, exosomal miR-425-3p might be a potential dynamic biomarker to tailor cisplatin resistance in NSCLC patients during the treatment and represent a promising therapeutic target for therapy-resistant NSCLC.
Introduction
Chemotherapy resistance, whether intrinsic or acquired, is one of the most fundamental problems in cancer and gives rise to local and distant tumor recurrence and disease progression. Although platinum-based schemes are a cornerstone for broad-based treatments of patients with non-small cell lung cancer (NSCLC), 5-year survival rates remain poor largely due to the emergence of resistance prior to and during the course of treatment. 1, 2 Non-coding single-stranded microRNAs (miRNAs), important epigenetic regulators of protein coding genes, have been described relevant to platinum-based chemotherapy in NSCLC. [3] [4] [5] This class of RNA negatively regulates gene expression by binding to the 3ʹ-UTR regions of their target mRNAs involving in epithelial-mesenchymal transition, cell proliferation and apoptosis, and eventually contributes to the regulation of chemoresistance in NSCLC. 6, 7 Exosomes are 30-100 nm membrane vesicles that are actively released into the extracellular environment by many cell types, including cancer cells. 8 Exosomes contain proteins and nucleic acids, such as mRNA and miRNAs, that allow these structures to operate as signaling platforms for shortrange or long-range delivery of molecular information to the recipient cells. 9 The miRNA contents of exosomes frequently reflect those of the cells they originated from. 10 Extensive attention is now focusing on exosomes partly because of their capability to confer chemoresistance in many cancer types, in particular through transfer of miRNAs. [11] [12] [13] In addition, exosomal miRNAs can be obtained from the peripheral blood and easily measured, making them attractive biomarkers to predict response to therapy or monitor disease progression.
Our recent study has demonstrated that circulating exosomal miR-425-3p acts as a prognostic biomarker for improved predictions of the clinical response to platinumbased chemotherapy in NSCLC patients, and high level of miR-425-3p leads to the increase of basal autophagic activity in NSCLC cells and lung tissues and impairs therapeutic response. 3 Given the role of exosomes in intercellular communication, 9, 14 we therefore hypothesized that miR-425-3p might be transported among cancer cells via exosomes during the course of platinum-based treatment and promote chemotherapeutic drug resistance. In this study, our results showed that cisplatin treatment induced the expression of miR-425-3p in cells and exosomes through c-Myc-mediated transactivation. More importantly, coculture with exosomes isolated from either cisplatin-treated or cisplatin-resistant NSCLC cells impaired the sensitivity of the recipient A549 cells in a miR-425-3pdependent manner. Exosomal miR-425-3p facilitated autophagic activation in the recipient cells by targeting AKT1, eventually leading to their resistance to drug stress.
Materials And Methods Patients And Serum Samples
NSCLC patients, diagnosed at Nanjing First Hospital between 2012 and 2016, were uniformly followed and received standard first-line platinum-based chemotherapy. Based on progression-free survival (PFS), the patients with PFS ≤ 6 months were diagnosed platinum-resistant. Paired serum samples were collected from these patients at the start of treatment (non-resistant, n=19) and the date of disease progression (resistant, n=19), or after the first cycle and the last cycle of trials (n=15), respectively. Each pair was from the same patient. Patients provided written informed consent in accordance with the Declaration of Helsinki. The study was approved by the ethics committee on Human Research of Nanjing First Hospital.
Isolation, Quantification And Labeling Of Exosomes
Exosomes in serum samples were isolated and purified using the ExoQuick serum exosome precipitation solution (SBI, Mountain View, CA) according to the manufacturer's instruction. Exosomes from cultured cells were purified by differential centrifugation and confirmed by transmission electron microscopy and NanoSight analyses as previously described. 3 Exosomes were quantified in bicinchoninic acid (BCA) method in which exosomal protein was measured by BCA protein assay kit (Beyotime Biotechnology, China). Purified exosomes were labeled with CM-Dil (Invitrogen, Carlsbad, CA) as described previously. 15 The internalization of CM-Dil-labeled exosomes by A549 cells was analyzed quantitatively by flow cytrometry on a FACScan (Becton Dickinson, Franklin Lakes, NJ).
Cell Culture
The human NSCLC cell line A549 and its cisplatin-resistant A549/DDP were purchased from the Shanghai Institute of Cell Biology (Shanghai). We developed 3 cisplatin-resistant variants by exposure of A549/DDP cells to stepwise increase in cisplatin concentrations and maintained them at a final concentration of 500 (A549/DDP-500), 1000 (A549/DDP-1000) and 2000 ng/mL (A549/DDP-2000), respectively. 16 All the cells were cultured in DMEM medium (Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS, Life Technologies). For resistant variants, cisplatin was withdrawn from the culture medium 3 days before use. In cell coculture experiments, purified exosomes (10 μg/mL) were added into the fresh media containing 0.5% FBS.
Quantitative Real-Time PCR (qRT-PCR)
Exosomal RNAs were isolated using a miRNeasy Serum/ Plasma Kit (Qiagen, Hilden, Germany) and cDNA was synthesized using a miScript II Reverse Transcription Kit (Qiagen). Quantification of miRNAs was performed using a miScript SYBR Green PCR Kit (Qiagen) on the Bio-Rad CFX96 Touch TM Real-Time PCR Detection System (Bio-Rad, Hercules, CA). Quantitative real-time PCR analyses of hsa-miR-425-3p and AKT1 mRNA expression were conducted as previously reported. 3 The absolute concentrations of hsa-miR-425-3p in exosomes were calculated from calibration curves developed with synthetic miRNA oligonucleotides and normalized the miRNA concentration to the exosomal protein content. U6 snRNA was used as an endogenous control to normalize miR-425-3p expression in cells, and β-actin was used as the endogenous control to normalize AKT1 expression.
Transient miR-425-3p Inhibitor Transfection And siRNA Treatment A549 cells were transfected with either miR-425-3p inhibitor or c-Myc siRNA, which were synthesized by GenePharma Co. Ltd. (Shanghai), using Lipofectamine™ 2000 transfection reagent (Invitrogen) as previously reported. 3 The sequence of miR-425-3p inhibitor and c-Myc siRNA are 5′-GGGCGGACACGACAUUCCCGAU-3′ and 5′-CGTCCAAGCAGAGGAGCAA-3′, respectively.
Cell Viability And Apoptosis Assays
Cell proliferation was determined using the MTT assay in triplicate as previously described. 3 The dose-response curves were fitted by a nonlinear regression function in GraphPad Prism 7.0 (La Jolla, CA). Cell apoptosis was determined by annexin V/PI staining. 17 Samples were analyzed by flow cytrometry on a FACScan.
Western Blot
Western blot was performed as previously described. 3 The anti-PARP, anti-p-β-catenin (S33/37/T41), anti-β-catenin, anti-c-Myc, anti-AKT1, anti-p-AKT1 (S473), anti-p-mTOR (S2448), anti-mTOR and anti-LC3B antibodies were purchased from Cell Signaling Technology (Beverly, MA). The anti-β-actin antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-SQSTM1/p62 antibody was from Abcam (Cambridge, UK). The densitometry of the immunoblots was performed with Image J software (NIH, Bethesda, MD)
Chromatin Immunoprecipitation (ChIP)
ChIP was conducted using Pierce Magnetic ChIP Kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's protocol. Immunoprecipitation of proteins, after ChIP with the antibody against c-Myc, was confirmed by Western blot analysis before the ChIP-real time PCR analysis for the fragments of the miR-425-3p promoter with the appropriated promoter primers. Relative quantification of the target was normalized to input control. The primer sequences used in ChIP-PCR were as follows: miR-425-3p forward, 5ʹ-CGAGCGTGGATTGGCTTCTC-3ʹ; miR-425-3p reverse, 5ʹ-GTGAACGAGGACAAGGTGATGC-3ʹ.
Construction Of Luciferase Plasmids And Reporter Assay
Based on bioinformatics analysis, 2000 bp before transcriptional start site was selected as miR-425-3p promoter. Then the promoter sequence was amplified and cloned into pGL-Basic plasmids containing a luciferase reporter. Since there were 5 predicted c-Myc binding sites in miR-425-3p promoter regions, a mutant luciferase plasmid was constructed by deleting 2 c-Myc binding sites (−1173~-1183, −1307~-1317) in the promoter regions. For luciferase reporter assay, the WT or Mut luciferase plasmids were transfected into the cells using Lipofectamine™ 2000. Transfected cells were lysed 24 h after transfection, and luciferase activities were assayed following the instruction of the Luciferase Assay System (Promega). The activity of the product of the β-galactosidase gene under the control of a constitutive β-actin promoter was used to normalize the transfection efficiency.
Autophagy Analysis
A549 cells transfected with GFP-LC3 plasmids were treated with purified exosomes for 24 h. Then cells were fixed with 4% paraformaldehyde (40 min, room temperature) and permeabilized with methanol and nuclei were stained with DAPI. The formation of vacuoles containing GFP-LC3 (dots) was examined by fluorescence microscopy (BX51TRF, Olympus).
Statistical Analysis
All statistical analyses were performed using the GraphPad Prism 7.0 software. The significance of the differences between groups was estimated using the Student's t-test and Mann-Whitney U-test. For the MTT assay, statistical analyses were performed by extra sum-of-squares F-test. The data are shown as the mean ± SD. A P value of < 0.05 was considered statistically significant.
Results

The Expression Of Circulating Exosomal miR-425-3p Is Up-Regulated During The Course Of Platinum-Based Chemotherapy
We compared the expression of miR-425-3p in circulating exosomes of paired serum samples that were collected from NSCLC patients (n = 19, Supplementary Table S1 ) at the start of platinum-based treatment (non-resistant) and at the date of disease progression (resistant), respectively. The levels of miR-425-3p expression were significantly higher from the patients in tolerance versus those at baseline ( Figure 1A ). When compared between paired serum samples from resistant NSCLC patients (n = 15) collected after the first cycle and the last cycle of trials, respectively, higher levels of miR-425-3p expression were detected in the circulating exosomes from the patients after the last cycle than after the first cycle of trials ( Figure 1B ).
Cisplatin Promotes Exosome Release And Its miR-425-3p Expression In NSCLC Cells
To investigate whether platinum-based chemotherapy, mainly composed of cisplatin treatment, induces the expression of NSCLC cell-derived exosomal miR-425-3p, we treated A549 cells with various concentrations of cisplatin for 24 h. As shown in Figure 2A , cellular miR-425-3p expression was significantly increased by 1.5 μg/mL of cisplatin, which is around the IC 50 value (1.15 ± 0.04 μg/mL) of cisplatin in A549 cells. When exosomes were isolated and quantified using BCA protein assay, we found that cisplatin promoted exosome release from NSCLC cells in a concentrationdependent manner ( Figure 2B ). In addition, the absolute concentration of miR-425-3p was dramatically higher in the exosomes from A549 cells treated with 1.5 μg/mL of cisplatin (A549/1.5 exosome) than those from untreated A549 cells (A549/0 exosome, Figure 2C ). In agreement with our previous study, 3 greatly higher level of exosomal miR-425-3p was observed in cisplatin-resistant A549/DDP cells than in cisplatin-sensitive A549 cells (data not shown). To monitor the change of miR-425-3p expression in the development of cisplatin resistance, we compared the parental A549 cells and three cisplatin-resistant variant cells that were developed by long-term exposure of A549/DDP cells to cisplatin and maintained at various final concentrations (500-2000 ng/ mL) as previously described. 16 Compared with A549 cells, the increase of both cellular miR-425-3p expression and exosome release accompanied the development of cisplatin resistance in these variants ( Figure 2D and E). Taken together, these findings suggest that cisplatin could enhance miR-425-3p expression in cells and exosomes, as well as exosome release during the short-or long-term treatment, which might be linked with the development of cisplatin resistance. cells via exosomes, we treated A549 cells with CM-Dillabeled A549/1.5 exosome or exosomes purified from A549/DDP-1000 cells (A549/DDP-1000 exosome). After 3 hr, confocal microscopy detected fluorescently labeled signals in the treated cells ( Figure 3A ). The efficacy of exosomal transfer depended on the amounts of exosomes added into the medium (Supplementary Figure S1 ). Next, we determined the impact of exosomal miR-425-3p in regulating chemoresistance. A549 cells were cocultured with the same amount of exsomes isolated from A549 cells treated with various concentrations of cisplatin. A549/1.5 exosome remarkably decreased the sensitivity of recipient A549 cells to cisplatin ( Figure 3B ). Accordingly, higher level of miR-425-3p expression was detected in the cells cocultured with A549/1.5 exosome than those with PBS or A549/0 exosome ( Figure 3C ). In contrast, the miR-425-3p inhibitor resensitized the A549/1.5 exosome-treated cells ( Figure 3D ). Similar results were obtained in A549 cells cocultured with exosomes purified from cisplatin-resistant variant cells. Impaired sensitivity was induced by these resistant variants-derived exosomes compared with PBS or A549 exosome ( Figure 3E ). Increase in cellular miR-425-3p expression and inhibition of the chemoresistance by the miR-425-3p inhibitor were also detected in A549/DDP-1000 exosome-treated cells ( Figure 3F and G) . Apoptosis is the main mechanism for cell death related to cisplatin. Annexin V/PI double staining confirmed that both A549/1.5 exosome and A549/ DDP-1000 exosome reduced cisplatin-induced apoptosis in A549 cells (Fig. H) . Such cell apoptosis was reversed by the miR-425-3p inhibitor ( Figure 3I) . Accordingly, the miR-425-3p inhibitor enhanced the cleavage of PARP in the cells cocultured with A549/1.5 exosome or A549/ DDP-1000 exosome, while both the exosomes reduced the cleavage of PARP compared with A549/0 exosome ( Figure 3J ).
Exosomal miR-425-3p Impairs The Sensitivity Of NSCLC Cells To Cisplatin
Cisplatin Up-Regulates miR-425-3p Through The β-Catenin Signaling Pathway In NSCLC Cells
To investigate molecular mechanisms by which cisplatin enhances miR-425-3p expression in NSCLC cells, we examined possible regulation via transcription factors. JASPAR online analysis (http://jaspar.genereg.net) identified five predicted c-Myc binding sites in putative miR-425-3p promoter regions ( Supplementary Table S2 ). It has been reported that cisplatin induces DNA-protein cross-linking damage that activates the Wnt/β-catenin signaling and c-Myc is one of its main downstream target genes. [18] [19] [20] As respected, cisplatin decreased the phosphorylation of β-catenin at Ser33/37/ Thr41 while increasing the expression of total β-catenin and c-Myc in A549 cells, indicative of the activation of the βcatenin pathway ( Figure 4A ). All the levels of c-Myc expression in three cisplatin-resistant variant cells were remarkably higher than that in A549 cells ( Figure 4B) . Notably, knocking down c-Myc completely abolished the up-regulation of miR-425-3p induced by cisplatin ( Figure 4C and D) , implying that c-Myc might promote the transcription activity of miR-425-3p during cisplatin treatment. Further, we performed ChIP assay with anti-c-Myc antibody and real-time PCR analysis. 1.5 μg/mL of cisplatin enhanced the recruitment of c-Myc onto the miR-425-3p promoter regions in A549 cells ( Figure 5A ). An enhanced binding activity was also detected in A549/DDP-1000 cells compared with A549 cells ( Figure 5B ). Two luciferase reporter vectors containing the WT or mutant c-Myc binding sequences in the miR-425-3p promoter were constructed ( Figure 5C ). Cisplatin-induced transcription of miR-425-3p was confirmed by the observation of increased luciferase activity when the WT reporter was transfected in A549 cells ( Figure 5D ). In contrast, no changes in the luciferase activity was observed in the case of the mutant reporter. In addition, cisplatin-increased luciferase activity of the WT miR-425-3p reporter was inhibited by c-Myc siRNA ( Figure 5E ).
Exosomal miR-425-3p Enhances Autophagy Via Targeting AKT1 And Reduces Cisplatin Sensitivity
Our previous study identified AKT1 as the direct target gene of miR-425-3p. 3 To examine whether cisplatin-induced exosomal miR-425-3p confers cisplatin resistance in NSCLC through targeting AKT1, we treated A549 cells with A549/DDP-1000 exosome. The addition of the exosomes reduced AKT1 mRNA expression by about 2-fold compared with the untreated control, while the miR-425-3p inhibitor reversed such a reduction ( Figure 6A ). Consistently, A549/DDP-1000 exosome markedly down-regulated both total and phosphorylated AKT1, as well as its downstream p-mTOR at protein levels ( Figure 6B ). In addition, A549/DDP-1000 exosome enhanced the LC3B-I to LC3B-II conversion and reduced the expression of SQSTM1/p62, indicative of autophagy activation in the recipient A549 cells. Co-treatment of the miR-425-3p inhibitor reversed the changes in these protein levels. Moreover, the formation of GFP-fused LC3 puncta was increased by adding A549/ DDP-1000 exosome, while greatly decreased after the combined treatment with the miR-425-3p inhibitor ( Figure 6C) .
Given the role of autophagy activation in chemotherapy resistance, 16, 21, 22 we examined the effect of exosomal miR-425-3p on cisplatin-induced apoptosis in the presence of autophagy inhibitor BafA1. Both A549/1.5 exosome and A549/DDP-1000 exosome reduced cisplatin-induced PARP cleavage in A549 cells ( Figure 6D ). But the reduction was remarkably reversed by BafA1. These results suggest that exosomal miR-425-3p can target AKT1 and activate autophagy by negatively regulating the AKT/ mTOR pathway, eventually leading to resistance to cisplatin-induced apoptosis ( Figure 6E ).
Discussion
Circulating miRNAs are produced through two main mechanisms: cell death via apoptosis or necrosis, which lead to the release of AGO protein-bound miRNAs, and a process by active section of exosomes containing mature miRNAs. 23, 24 Exosomal miRNAs that truly reflect the biological changes occurring in cancer cells and play important roles in cell-to-cell communication may represent more specific molecular biomarkers than cell-free miRNAs. 25 Our previous study has shown the negative relationship between circulating exosomal miR-425-3p and clinical responsiveness in NSCLC patients treated with platinumbased chemotherapy, and identified exosomal miR-425-3p as a valid prognostic biomarker for predicting the therapeutic response. 3 In this study, by monitoring circulating exosomal miR-425-3p from NSCLC patients, we revealed an upward trend in its expression levels during the course of platinum-based chemotherapy. The result needs to be further confirmed in a large series of NSCLC patients following treatment. In fact, recent studies have showed high levels of miR-425-3p in IgA nephropathy and earlystage lung adenocarcinoma, 26, 27 although its role in disease progression remains determined. MiR-425-3p levels also predicts response to sorafenib therapy in patients with hepatocellular carcinoma. 28 Assessment of circulating exosomal miR-425-3p could help in stratifying patients in NSCLC for platinum-based chemotherapy.
It is accepted that cancer cells are able to actively adapt to stressors within the environment, including chemotherapy-induced toxicities, for survival. In the present study, we found that once exposure to the DNA-damaging agent cisplatin, miR-425-3p expression was induced in both cells and exosomes, supporting that the exosomal miRNA profiles resemble those of the original cells and reflect their biologic state in the environment. 29 Cisplatin treatment, whether short-time or long-time, enhanced miR-425-3p expression. More importantly, these tumor-derived exosomal miR-425-3p conferred chemoresistance to the recipient A549 cells, evidenced by the decrease in cisplatin-induced apoptosis after incubation with A549/1.5 exosome or A549/ DDP-1000 exosome. Such chemoresistance was almost completely reversed by miR-425-3p specific inhibitor. In line with this finding, some previous studies also reported that NSCLC-derived exosomes decreased the sensitivity of the recipient NSCLC cells to cisplatin. 12, 30, 31 Therefore, exosomal miR-425-3p may function not only as a prognostic biomarker for predicting for the responsiveness in NSCLC, 3 but also as a potential molecule to deliver chemoresistance information among NSCLC cells.
Cisplatin-induced DNA damage activates multiple pathways, including the Wnt-β-catenin pathway, in NSCLC. [18] [19] [20] Consistently, cisplatin dramatically up-regulated c-Myc expression, accompanied by increased β-catenin levels in A549 cells. All three cisplatin-resistant variant cells displayed higher c-Myc levels than their parental A549 cells.
Combined bioinformatics analysis with ChIP and luciferase reporter assays, c-Myc was found to directly bind the miR-425-3p promoter and positively regulate its transcription. Emerging evidence has demonstrated the role of c-Myc in chemoresistance in lung cancer. 19, 32, 33 Xie et al reported that c-Myc participates in β-catenin-mediated cisplatin resistance in A549/DDP cells. 19 A recent study showed that miR-296-3p-PRKCA-FAK-Ras-c-Myc feedback loop modulated by HDGF/DDX5/β-catenin complex attenuates cisplatin resistance in lung adenocarcinoma, 34 suggesting that c-Myc (D) A549 cells were pretreated with BafA1 (100 nM) for 2 h and incubated with indicated exosomes 6 h. The resulting cells were exposed to 2 μg/mL of cisplatin for another 24 h. The protein levels of PARP were assessed using Western blotting. β-actin was used as a loading control. (E) Schematic representation of the mechanism by which cisplatin-induced miR-425-3p confers chemoresistance via exosome transfer in NSCLC. The data are shown as the mean ± SD of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
functions as a key determinant of chemoresistance. Cisplatinupregulated c-Myc could transactive miR-425-3p and promote its transfer via exosomes among NSCLC cells during the treatment. Given stress adaptation of cancer cells, we revealed that exosomal miR-425-3p enhanced autophagic activity in the recipient cells by targeting AKT1 that activates the mTOR complex, exerting an inhibitory role on autophagy. 35 In fact, autophagy can be activated by stressful conditions such as drug stress, facilitating the survival of tumor cells and increasing resistance to chemotherapy. 22 Previously, we showed that basal autophagy is progressively increased during the development of cisplatin resistance in NSCLC cells and that inhibiting basal autophagy sensitizes NSCLC cells to cisplatin-induced apoptosis. 16, 36 The present study showed that autophagy inhibitor BafA1 indeed greatly promoted cisplatin-induced apoptosis in the recipient A549 cells incubated with A549/1.5 exosome or A549/ DDP-1000 exosome. Interestingly, Qin et al reported that cisplatin-resistant NSCLC cell-derived exosomes are characterized by low expression of miR-100-5p, which negatively regulates mTOR expression, and that higher mTOR expression contributes to cisplatin resistance in recipient cells. 12 However, we failed to find any change of total mTOR expression after A549 cells were incubated with A549/DDP-1000 exosome. Conversely, the p-mTOR level was greatly induced by miR-425-3p inhibitor possibly due to loss of AKT1 inhibition.
Conclusion
In summary, our study verified that exosomal transfer of miR-425-3p could promote the development of chemoresistance in NSCLC during the treatment of cisplatin. Moreover, circulating exosomal miR-425-3p might be a potential dynamic biomarker to tailor platinum-based chemotherapy and to facilitate adjustment in NSCLC therapeutic regiment.
